We present new long-term CCD photometry for EP And acquired during the period 2007 to 2012. The light curves display total eclipses at primary minima and seasonto-season light variability. Our synthesis for all available light curves indicates that the eclipsing pair is a W-type overcontact binary with parameters of q=2.578, i=83 • .3, ∆T =27 K, f =28 %, and l 3 =2∼3 %. The asymmetric light curves in 2007 were satisfactorily modeled by a cool spot on either of the eclipsing components from a magnetic dynamo. Including our 95 timing measurements, a total of 414 times of minimum light spanning about 82 yr were used for a period study. A detailed analysis of the eclipse timing diagram revealed that the orbital period of EP And has varied as a combination of an upward-opening parabola and two periodic variations, with cycle lengths of P 3 =44.6 yr and P 4 =1.834 yr and semi-amplitudes of K 3 =0.0100 d and K 4 =0.0039 d, respectively. The observed period increase at a fractional rate of +1.39×10 −10 is in excellent agreement with that calculated from the W-D code and can be plausibly explained by some combination of mass transfer from the primary to the secondary star and angular momentum loss due to magnetic braking. The most reasonable explanation for both cycles is a pair of light-travel-time effects driven by the possible existence of a third and fourth component with projected masses of M 3 =0.25 M ⊙ and M 4 =0.90 M ⊙ . The more massive companion could be revealed using high-resolution spectroscopic data extending over the course of a few years and could also be a binary itself. It is possible that the circumbinary objects may have played an important role in the formation and evolution of the eclipsing pair, which would cause it to have a short initial orbital period and thus evolve into an overcontact configuration by angular momentum loss.
INTRODUCTION
Many overcontact binaries are thought to have evolved from initially detached binaries by angular momentum loss (AML) via magnetic torques from stellar winds and to end with coalescence of both components into single stars (Bradstreet & Guinan 1994; Pribulla & Rucinski 2006) . In this scenario, the orbital angular momentum is tidally coupled to the spin angular momentum. In order for the spin-orbit coupling to work efficiently, the initial orbital periods should be shorter than about 5 days. Circumbinary objects in multiple systems may remove angular momentum from the central pairs via Kozai oscillation (Kozai 1962; Pribulla & Rucinski 2006) or a combination of the Kozai cycle and tidal friction (Fabrycky & Tremaine 2007) and form the initial tidal-locked detached binaries with a short orbital period.
The statistical study of Pribulla & Rucinski (2006) suggests that a large percentage of close binares reside in triple or multiple systems. The presence of a third body orbiting an eclipsing close binary causes a periodic variation of the eclipsing period due to the increasing and decreasing light-travel times (LTT) to the observer (Irwin 1952 (Irwin , 1959 . The LTT effect can be studied by a detailed analysis of eclipse timing diagram, showing the differences between the observed (O) and the calculated (C) timings of minimum light versus time (e.g., Lee et al. 2009a Lee et al. , 2013 . In order to advance this subject, we have been observing short-period eclipsing binaries, such as overcontact and near-contact systems. In this work, we choose the W UMa-type binary EP And, because the list of eclipse timings goes back far enough to understand the binary's period behavior.
Since the discovery of its variability by Strohmeier et al. (1955) , EP And (TYC 2827-17-1, GSC 2827-17, 2MASS J01422933+4445424; V =+11.90, B-V =+0.57) has been the topic of several investigations, but its properties are relatively poorly known compared to other shortperiod binaries. Most recently, Manzoori (2012) reviewed the observational history of the system and presented the first comprehensive photometric study. The author analyzed the photometric data from both the AAVSO (American Association of Variable Stars Observers) International Database 1 and the WASP (Wide Angle Search for Planets) public archive (Butters et al. 2010) , and concluded that EP And is an A-type (defined observationally by Binnendijk 1970 ) overcontact binary with a mass ratio of q=0.395, an orbital inclination of i=81 • .5, a temperature difference between the components of ∆T =120 K, and a fill-out factor of f = 16.6 %. Here, q is the ratio of the secondary'mass to that of the primay star (eclipsed at the primary minimum) and f =(Ω in -Ω)/(Ω in -Ω out ), where the potentials Ω in and Ω out define the inner and outer critical surfaces in Roche geometry and Ω is the potential corresponding to the surface of the overcontact binary. From the analysis of eclipse timings including five epochs determined from the AAVSO data, he suggested that the orbital period of EP And can be sorted into a secular period decrease caused by mass transfer between the components, an LTT effect due to the orbit of a third body with a period of 41.2 yr and a minimum mass of 0.15 M ⊙ , and the effect of magnetic activity with a cycle length of 11.7 yr.
In order to obtain a unique set of photometric solutions and to examine whether the Manzoori's (2012) suggestion is appropriate for the orbital period change, we have studied in detail the long-term photometric behavior of EP And from all available data. Our results from both the light-curve synthesis and the orbital period study show that EP And is probably a multiple system. This study follows the following structure. In section 2, we present our new photometric observations of EP And. Absolute dimensions of the eclipsing pair are determined from light-curve modeling in section 3. In section 4, we present an orbital period study of the eclipse timing diagram and determine two significant periods in the timing measurements. In the last section we give a discussion highlighting that the two periodic variations are most likely attributed to the presence of circumbinary companions.
NEW LONG-TERM CCD PHOTOMETRY
New CCD photometric observations of EP And were obtained between 2007 and 2012, using CCD cameras and a BV R filter set attached to the 61-cm reflector at Sobaeksan Optical Astronomy Observatory (SOAO) in Korea. The observations of the first two seasons were carried out to secure complete multiband light curves and the others to collect additional eclipse timings. A summary of the observations is listed in Table 1 , where we present observing interval, numbers of nights, CCD type, and field of view (FOV). The instruments and reduction methods for the SITe 2K and FLI IMG4301E CCD cameras are the same as those described by Lee et al. (2007 Lee et al. ( , 2011 . The observations of both 2011 and 2012 seasons were obtained with a PIXIS: 2048B CCD camera that offers cooling down to −70 o C. The e2v CCD42-40 chip has 2048×2048 pixels and a pixel size of 13.5 µm. With the conventional IRAF package, we processed the CCD frames to correct for bias level and pixel-to-pixel inhomogeneities of quantum efficiency (flat field correction) and applied simple aperture photometry to obtain instrumental magnitudes.
Following the procedure described by Lee et al. (2010) , TYC 2827-103-1 (V T =10.99, (B-V ) T =+0.64) and TYC 2827-72-1 (V T =10.98, (B-V ) T =+1.16), imaged on the chip at the same time as the variable (V), were chosen as comparison (C) and check (K) stars, respectively. From the 2007 and 2008 seasons, a total of 3,027 individual observations were obtained in the three bandpasses (1007 in B, 1012 in V , and 1008 in R) and a sample of them is listed in Table 2 . The light curves are plotted in the top panel of Figure 1 as the (V−C) magnitude differences versus orbital phase, which was computed according to the quadratic ephemeris for our binary model (Model 2) determined later in this article with the Wilson-Devinney synthesis code (Wilson & Devinney 1971, hereafter W-D) . The differences ('07-'08) between the two seasons are shown in the middle panel and the magnitude differences between the check and comparison stars appear in the bottom panel. The 1σ-values of the dispersion of the (K−C) differences are ±0.016 mag, ±0.012 mag, and ±0.013 mag from B to R bandpasses, respectively, for the 2007 season and ±0.009 mag, ±0.005 mag, and ±0.005 mag for the 2008 season. Whereas the reference stars were evidently constant, the light curves display season-to-season light variability, with evident changes in the phase interval encompassing primary eclipse.
In order to obtain a consistent solution of EP And, we simultaneously solved all avaliable light curves using contact mode 3 of the W-D synthesis code and with a weighting scheme identical to that for the eclipsing binary GW Gem (Lee et al. 2009b) . Table 3 lists the light-curve sets for EP And analyzed in this paper and the standard deviations (σ) of a single observation. Although the binary parameters have been reported by Pribulla et al. (2001) and Manzoori (2012) , their solutions with q <1.0 do not correspond to our high-precision observations of 2008, showing a total eclipse at primary minimum and hence implying q >1.0. To resolve this confusion, we analyzed the light curves of EP And in a manner similar to that for the overcontact systems AR Boo (Lee et al. 2009c ) and GW Cep (Lee et al. 2010 ) using the so-called q-search procedure. In the computation of our solutions, the surface temperature of the larger, and presumably more massive, star was held fixed at 6,360 K from Flower's (1996) Terrell et al. (2012) and E(B − V )=+0.09 calculated following Schlegel et al. (1998) . The logarithmic bolometric (X, Y ) and monochromatic (x, y) limb-darkening coefficients were interpolated from the values of van Hamme (1993) in concert with the model atmosphere option. Before the light curves are analyzed, the AAVSO times were transformed from JD into HJD. Further, two LTT effects proposed in the following section were applied to the observed times of all individual points: In this paper, we refer to the primary and secondary stars as those being eclipsed at Min I and Min II, respectively. Terrell & Wilson (2005) showed that the mass ratio for a totally-eclipsing overcontact system can be accurately determined from a light-curve analysis. Thus, we conducted the detailed q-search procedures for both all datasets and only the 2008 light curves, permitting no perturbations such as a third light (l 3 ) or a spot. As displayed in Figure 2 , the q-search results indicate a minimum value of the weighted sum of the squared residuals (Σ) around q=2.75. This value corresponds to an occultation at primary minimum and indicates that EP And is a W-type overcontact binary. To obtain an unperturbed solution (Model 1), we analyzed all light curves by treating the initial value of q as a free parameter. The results are listed in columns (2)-(3) of Table 4 . Then, we reanalyzed the EP And curves by considering a third light (l 3 ) as an additional adjustable parameter because it had been suggested by our period study later. New results with the third light source are given as Model 2 in Table 4 and the light residuals from this binary model are plotted in Figure 3 . There is a statistically significant difference in the mass ratios between the two models due to the third light effect. In a formal sense, as shown by the entries on the last line of the table, the third-light model gives a smaller value of ΣW (O − C) 2 .
As indicated by Figure 3 Table 5 , and the residuals from the cool-spot model on the secondary star are plotted as the plus symbols in the middle panels of Figure 3 . From these displays, we can see that the spot model does fit the asymmetries in the light maxima acceptably but it is difficult to distinguish between the cool-spot models because there is no Σ differences among them. Our light-curve solutions indicate that EP And is a totally-eclipsing W-type overcontact binary with a fill-out factor of about 28 % and with a small temperature difference of 27 K between the components and that l 3 contributes 2-3 % light in all bandpasses.
Absolute dimensions for EP And can be estimated from the photometric solutions (Model 2) in Table 4 and from Harmanec's (1988) relation between temperature (spectral type) and stellar mass. We assumed the more massive secondary star to be a normal main-sequence one with a spectral type of about F6 and computed the physical properties for the system listed in Table 6 . The luminosity (L) and bolometric magnitudes (M bol ) were computed by adopting T eff ⊙ =5,780 K and M bol⊙ =+4.73 for solar values. For the absolute visual magnitudes (M V ), we used the bolometric corrections (BCs) appropriate for the temperature of each component from the expression between log T eff and BC given by Torres (2010) . Using an apparent visual magnitude of V =+11.90 (Terrell et al. 2012) at maximum light, the computed light ratio at phase 0.25, and the interstellar absorption of A V =0.28, we calculated an approximate distance to the system of about 470 pc. In the mass-radius, mass-luminosity, and Hertzsprung-Russell diagrams from Hilditch et al. (1988) , the locations of both components of EP And conform to the general pattern of overcontact binaries.
ORBITAL PERIOD STUDY
From the SOAO observations, 29 new times of minimum light and their errors were determined with the weighted means for the timings in each filter by using the method of Kwee & van Woerden (1956) . In addition, 61 eclipses were newly derived by us from the WASP data and five timings from the AAVSO data. The AAVSO times from Manzoori (2012) may be not HJD but JD. For a period study of EP And, we have collected a total of 414 timings (58 photographic plate, 216 visual, 140 photoelectric and CCD) including our measurements. All photoelectric and CCD timings are listed in Table 7 , wherein the second column gives the HJED (Heliocentric Julian Ephemeris Date) timings transformed to the terrestrial time scale (Bastian 2000) . Because most earlier timings from Kreiner et al. (2001) were published without error information, we calculated the standard deviations of the scatter bands of the timing residuals to provide mean errors for the observational methods, as follows: ±0.0101 d for photographic plate, ±0.0076 d for visual, and ±0.0012 d for PE and CCD minima. Relative weights were then scaled from the inverse squares of these values consistent with the errors and weights for the PE and CCD timings.
The orbital period of EP And was studied for the first time by Qian & Yuan (2001) . From a quadratic least-squares fit, they reported a period increase with a rate of +1.16×10 −7 d yr −1 . Recently, Manzoori (2012) claimed that two periodicities of 41.2 yr and 11.7 yr, superimposed on the upward parabolic variation, exist in the timing residuals. As the first step for ephemeris computations, we applied a periodogram analysis to the complete dataset using the PERIOD04 program (Lenz & Breger 2005) . As can be seen from Figure 4 , two frequencies of f 1 =0.0000424 cycle d −1 and f 2 =0.00149 cycle d −1 were detected corresponding to 23,585 d (64.6 yr) and 671 d (1.8 yr), respectively. Thus, the two periods were used to provide an initial guess for the LevenbergMarquart (LM) fitting procedure (Press et al. 1992) . The oscillations were assumed to be due to a combination of two LTT effects caused by the third and fourth bodies in the system and all times of minimum light were fitted to the following two-LTT ephemeris:
Here, τ 3 and τ 4 are the LTT due to two additional companions orbiting the eclipsing pair (Irwin 1952 (Irwin , 1959 and each includes five parameters (a 12 sin i, e, ω, n, T ). The LM technique was applied to solve for the twelve parameters of the ephemeris and the results are listed in columns (2)-(3) of Table 8 , together with related quantities. Our absolute dimensions presented in Table 6 have been used for these and subsequent calculations.
The O-C 1 diagram constructed with the linear terms of the two-LTT ephemeris is plotted in the top panel of Figure 5 , where the solid and dashed curves represent the full contribution and the τ 3 orbit, respectively. The middle panel displays the PE and CCD residuals from the complete ephemeris and the bottom panel represents the τ 4 orbit. As displayed in the figure, all times of minimum light currently agree with the two-LTT ephemeris satisfactorily. The successful fit to the times of minimum light with the two LTT orbits tempted us to try to discover a secular term which might be hidden in the two periodic variations. Because EP And is in an overcontact configuration with common convective envelope, a parabolic variation should be produced by mass transfer between both components and/or by AML due to magnetic stellar wind. Therefore, a more general fit to the times of minimum light was made by adding a quadratic term to the two-LTT ephemeris:
The calculations using the LM method converged quickly to yield the results given in columns (4)- (5) of Table 8 . The O-C 2 diagram constructed with the linear light elements are drawn at the top of Figure 6 with the solid curve due to the sum of the non-linear terms and the dashed parabola due to the quadratic term of equation (2). The second to bottom panels are plotted in the same sense as in Figure 5 . The timing residuals from the full ephemeris appear as O-C 2,full in the fifth column of Table 7 . Figure 7 shows the PE and CCD residuals phased with the τ 4 cycle (1.8340 yr) listed in Table 8 . This ephemeris resulted in a smaller χ 2 red =0.981 than the two-LTT ephemeris (χ 2 red =1.102). Its long-term period (τ 4 ) is short compared to that of the two-LTT ephemeris by about 21 yr, while the short-term periods (τ 3 ) for the two ephemerides are in excellent agreement with each other.
If it is assumed that the orbits of the two circumbinary objects are coplanar with that of the eclipsing pair of EP And (i 3,4 =83.
• 3), the masses of the third and fourth bodies are M 3 =0.25 M ⊙ and M 4 =0.90 M ⊙ , respectively. If they are main-sequence stars, the radii and temperatures are calculated to be R 3 =0.26 R ⊙ and T 3 =3039 K, and R 4 =0.92 R ⊙ and T 4 =5082 K from the empirical relation of Southworth (2009) . The third and fourth bodies would contribute about 0.1 % and 11.6 %, respectively, to the total bolometric luminosity of the quadruple system. Because our light-curve solutions in Tables 4 and 5 detected only l 3 of 2-3 % in all bandpasses, the putative fourth object have to be very under-luminous in comparison to the binary components and may be a compact star. Alternatively, it is possible that the fourth body might be a binary itself. This could reduce the luminosity for the given total mass of 0.90 M ⊙ and implies that EP And should be a quintuple system. The semi-amplitude of the expected systemic radial velocity changes of the eclipsing pair due to the third and fourth components would be about 1.5 km s −1 and 11.8 km s −1 , respectively. Hence, the M-type third companion is very difficult to reveal because of the low systemic velocity change and the large orbital period suggested by the LTT model, while the massive circumbinary object might be easily detected with high-resolution spectroscopy. On the other hand, the eclipse timing variations might be partly caused by the perturbative effect of the fourth component added to the geometrical LTT effect because its LTT period is very short (Borkovits et al. 2003 (Borkovits et al. , 2011 . One such example is IU Aur:Özdemir et al (2003) showed that the third companion with a period of 293.3 d cause the non-negligible, dynamical contribution to the O-C curve. We computed the semi-amplitude of the fourth-body dynamic perturbation on the motion of the overcontact binary to be 0.000013 d and found that its contribution is not significant.
The positive coefficient of the quadratic term (A) listed in Table 8 yields a secular period increase with a rate of +5.09×10 −8 d yr −1 , corresponding to a fractional period change of +1.39×10 −10 . This value agrees well with the value of +1.40×10 −10 calculated with our W-D binary code, independently of the eclipse timings. Under the assumption of conservative mass transfer, this gives a continuous mass transfer from the less massive primary to the secondary component at a modest rate of 3.41×10 −8 M ⊙ yr −1 . The observed value is small by a factor of about 50% compared with the predicted rate of 6.77×10 −8 M ⊙ yr −1 calculated by assuming that the primary transfers its present mass to the secondary on a thermal time scale. Thus, the possible explanation of the parabolic variation might be some combination of non-conservative mass transfer and AML due to magnetic braking.
DISCUSSION AND CONCLUSIONS
In this article, we presented and analyzed new long-term CCD observations of EP And, together with historical data collected from the literature. The light curves display a total eclipse at primary minimum and season-to-season light variability. The asymmetric light curves in 2007 were modeled by a magnetic cool spot on either of the component stars. Our detailed study of the light curves and the orbital period represent EP And to be a quadruple (or a quintuple) system with a Wtype overcontact binary. Because the period is increasing and the mass is transferring from the primary star to the more massive secondary, the eclipsing pair may presently be in an expanding state evolving from a overcontact to a non-contact configuration as it undergoes thermal relaxation oscillations (Lucy 1976; Lucy & Wilson 1979) .
In principle, the periodic variations in the eclipse timing residuals can be expected because of stellar activity variations of a magnetically active star, as was initially proposed by Applegate (1992) and later modified by Lanza et al. (1998) . With the modulation periods (P 3,4 ) and amplitudes (K 3,4 ) listed in columns (4)- (5) of Table 8 , the model parameters for each cycle were calculated from the Applegate formulae and are listed in Table 9 , where the rms luminosity changes (∆m rms ) converted to magnitude scale were obtained with equation (4) in the paper of Kim et al. (1997) . In the table, the primary component with 1.2 L ⊙ and the secondary with 2.7 L ⊙ exhibit the predicted luminosity variations of 55.4 L ⊙ and 34.8 L ⊙ , respectively, for the short-term cycle. The variations of the gravitational quadrupole moment (∆Q) for the long-term cycle are two orders of magnitude smaller than typical values of 10 51 − 10 52 for close binaries (Lanza & Rodono 1999) . Moreover, it is difficult for the model to produce perfectly smooth and tilted periodic components in the eclipse timing variation. These suggest that Applegate mechanism cannot explain the observed period modulations of EP And. On the other hand, a single periodic variation could be attributed to the rotation of the apsidal line of the binary orbit due to tidal forces between the two binary components. However, our light-curve analysis suggest that the binary orbit is circular which in turn excludes timing variations from apsidal precession.
As can be seen in Figures 5-7 , all times of minimum light agree quite well by interpreting the observed LTT signal as caused by a third and fourth body surrounding the eclipsing pair. The possible existence of the circumbinary objects is consistent with the suggestion of Pribulla & Rucinski (2006) that most W UMa systems exist in multiple systems. We have carried out a stability study for the orbit parameters in Table 8 , under the assumption that the eclipsing pair can be replaced by a single massive object with mass equal to the combined mass of the two binary components. In general, our methodology on assessing the orbital stability is similar to the work presented in Hinse et al. (2012) who considers the stability of a similar system (SZ Herculis) of two circumbinary M-type companions . The dynamical stability test suggests that the two proposed companions are on highly unstable orbits. In order to reconcile the apparent contradiction we are therefore left with two options. Either i) we discard our two-companion interpretation or ii) our LTT model is in lack of important physics that is not included in the present analysis/model. In light of the above given arguments we do not favour to discard the two companion interpretation as presented in this work. Of the possible causes of the periodic variations, the Applegate effect and apsidal motion can be ruled out. The most reasonable explanation of both cycles is a pair of the LTT effects driven by the presence of circumbinary companions. In future work we plan a re-analysis of the data with an improved model that formulates the LTT effect in Jacobi coordinates and includes mutual gravitational interactions. Mutual interactions between the companions is a highly non-linear process and could result in a significant different orbital architecture consistent with the observed timing data. The two-Kepler assumption might be inadequate when larger companion masses are involved. This system is an obvious candidate for future photometric follow-up programs for further characterisation (Pribulla et al. 2012 ).
Assuming our LTT interpretation is correct, then the outer components may have played an important role in the formation and evolution of the inner eclipsing pair, which would cause it to evolve into an overcontact configuration by AML via magnetic braking and ultimately to coalesce into a single rapid-rotating star. High-resolution photometry and spectroscopy will help to identify and understand the orbital period variation of the binary system and to determine the absolute parameters and evolutionary status of the multiple system better than is possible with photometry alone.
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